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ABSTRACT: Single atom B or N substitutional doping in single-layer suspended graphene, 
realised by low energy ion implantation, is shown to induce a dampening or enhancement 
of the characteristic interband ʋ ƉůĂƐŵŽŶ of graphene through a high-resolution electron 
energy loss spectroscopy study in the scanning transmission electron microscope. A relative 
16% decrease or 20% increase in the ʋƉůĂƐŵŽŶƋƵĂůŝƚǇĨĂĐƚŽƌ is attributed to the presence 
of a single substitutional B or N atom dopant respectively. This modification is in both cases 
shown to be relatively localised, with data suggesting the plasmonic response tailoring can 
no longer be detected within experimental uncertainties beyond a distance of 
approximately 1 nm from the dopant. Ab initio calculations confirm the trends observed 
experimentally. Our results directly confirm the possibility of tailoring the plasmonic 
properties of graphene in the ultraviolet waveband, at the atomic scale, a crucial step in the 
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ƋƵĞƐƚ ĨŽƌ ƵƚŝůŝƐŝŶŐ ŐƌĂƉŚĞŶĞ ?Ɛ ƉƌŽƉĞƌƚŝĞƐtowards the development of plasmonic and 
optoelectronic devices ŽƉĞƌĂƚŝŶŐĂƚƵůƚƌĂǀŝŽůĞƚĨƌĞƋƵĞŶĐŝĞƐ.  
Due to its fascinating properties, graphene is emerging as a highly promising plasmonic 
material for implementation in devices aimed at applications such as chemical and 
molecular sensing, ultrafast optical modulation, non-linear optics, photo detection, light 
sources ĂŶĚƋƵĂŶƚƵŵŽƉƚŝĐƐ.1-6 In the terahertz (THz) to mid-infrared (mid-IR) spectral range 
graphene plasmons are associated with the collective excitation of free charge carriers and 
exhibit a higher degree of tunability and mode confinement, as well as longer propagation 
distances than noble metals.1-5 The graphene charge carrier plasmon ĨƌĞƋƵĞŶĐǇƐĐĂůĞƐĂƐ
( ܧி ܦΤ )଴.ହ, where EF is the Fermi energy and D is the size of the graphene sheet.1, 4 This 
ŵĞĂŶƐ ƚŚĂƚ ƚŚĞ ƉůĂƐŵŽŶ ĨƌĞƋƵĞŶĐǇ ĐĂŶ ďĞ ƚƵŶĞĚ ďǇ either varying the Fermi level (e.g. 
through electrostatic gating4, 5, 7, 8 or chemical doping2, 4, 5), modifying the size of the 
graphene sheet4 (e.g. by making micro to nanoscale graphene ribbons4, 5 or discs3, 5, 9) or a 
combination of both. Using one or both these methods to push the charge carrier 
plasmon ĨƌĞƋƵĞŶĐǇ ŝŶƚŽthe near-IR to visible spectrum is of significant current interest in 
the community.1, 3, 4, 10 Existing graphene-based IR plasmonic devices already exhibit 
promising properties, such as gate tuneable switching and control of the plasmon 
wavelength as well as a 40-60 times reduction in plasmon wavelength (as compared to the 
incident IR illumination).7, 8 While these plasmons can propagate a distance on the order of 
a few times their own wavelength,7, 8 on par with measurements of plasmons in Au,8, 11 this 
falls short of that expected for high purity graphene.7, 8 This has been attributed to 
disorder.12 Indeed, the graphene charge carrier plasmon mobility is expected to decrease to 
various degrees depending on type and concentration of dopants12, 13 and other defects,14 
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as well as the specific edge structures of nanoscale ribbons and similar nanoscale 
geometries.4 Possible strategies for realisation of graphene based plasmonics in the near-IR 
to visible spectrum, while taking into consideration the above effects (among others), are 
discussed in Ref. 4  
ƚ ŚŝŐŚĞƌ ƐƉĞĐƚƌĂů ĨƌĞƋƵĞŶĐŝĞƐ ? ŝn the ultraviolet (UV) range, graphene exhibits interband 
plasmons resonances ĂƚƚƌŝďƵƚĞĚƚŽƚŚĞĐŽůůĞĐƚŝǀĞŽƐĐŝůůĂƚŝŽŶŽĨʋĂŶĚʍǀĂůĞŶĐĞĞůĞĐƚƌŽŶƐ.15-
17 These interband plasmons show a remarkable degree of sensitivity to various nano- to 
atomic-scale structures and defects in graphene: interband plasmon localisation has been 
attributed to confinement induced by edge states of a ~1.3 Ŷŵ ŐƌĂƉŚĞŶĞ ƋƵĂŶƚƵŵ ĚŝƐĐ18 
and single substitutional Si atoms have been associated with a highly localised enhancement 
of the interband plasmon response.19 In periodically rippled graphene (on a Ru(0001) 
surface) the interband ʋ ƉůĂƐŵŽŶ ŝƐ confined to ripple hills while being significantly 
dampened in ripple valleys.20 Admittedly showing a more limited tunability compared to 
the charge carrier plasmon,4 ƚŚĞŝŶƚĞƌďĂŶĚʋƉůĂƐŵŽŶĨƌĞƋƵĞŶĐǇ is nonetheless predicted to 
progressively red-shift with increasing graphene nanodisc diameter, being the most 
sensitive to disc diameters below 20 nm.21 However, with the exception of the above 
studies, reports on other aspects of the interband plasmon response of graphene are lacking 
in the literature. Such knowledge might open up avenues for future implementation of 
graphene based plasmonic and optoelectronic devices operating in the UV waveband. With 
this goal in mind, the present work investigates the modification of the interband plasmon 
response of graphene associated with two key substitutional dopants, namely boron and 
nitrogen atoms.  
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The inclusion of B or N atoms in the graphene lattice is the focus of extensive study in the 
scientific community, with the aim to modify the electronic structure of graphene.22-29 
Substitutional B and N atoms have been predicted to induce a shift of the Fermi level,26, 29, 30 
resulting in p or n doping akin to that routinely exploited in current semi-conductor 
technology. Indeed a p and n character has recently been verified in suspended graphene 
containing single substitutional B and N atom dopants.29 Under certain circumstances, 
boron and nitrogen doping is also expected to induce a band gap in graphene.24, 25.  
Key to these proof-of-principle studies, electron energy loss spectroscopy (EELS) in 
combination with high angle annular dark field (HAADF) imaging in the aberration corrected 
scanning transmission electron microscope (STEM) are considered particularly useful 
ƚĞĐŚŶŝƋƵĞs for identifying individual nano to atomic scale defects in a material and the 
associated effects on its electronic structure and dielectric response.31 Due to the ideal 
 RŐĞŶƚůĞ^dD ?32 combination of ultra-high vacuum conditions and low acceleration voltage 
(which minimises any beam-induced damage to the samples), individual B23, 29 and N23, 29, 33, 
34 atom dopants in graphene can be identified directly in an ADF image. So-called core EEL 
spectra (EEL >A? 50 eV) contain information about the local electronic structure and bonding 
in graphene,28, 29, 33-35 while valence EEL spectra (EEL <A? 50 eV) contain information about 
the graphene dielectric response18, 19, 36-41. In combination with simultaneous (STEM) ADF 
imaging, EEL spectra allow for a direct correlation of defect-induced modifications of the 
graphene electronic structure28, 29, 33-35 and dielectric response18, 19 with atomic scale 
structure. These capabilities mean STEM-EELS is an ĞǆĐĞůůĞŶƚƚĞĐŚŶŝƋƵĞ for investigating the 
interband plasmon response induced by individual B and N atom dopants in graphene, as 
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this information can be correlated directly with the atomic structure, all within the same 
experiment.  
In the valence loss spectrum of graphene the so-ĐĂůůĞĚ  Sʋ ƉĞĂŬ ?  ? ?5 eV) is attributed 
ƉƌŝŵĂƌŝůǇƚŽƚŚĞĞǆĐŝƚĂƚŝŽŶŽĨƚŚĞʋŝŶƚĞƌďĂŶĚƉůĂƐŵŽŶ ?37, 39-43 superimposed on a sum over 
ʋ-ʋ ?ŝŶƚĞƌďĂŶĚƚƌĂŶƐŝƚŝŽŶƐ ?37, 39-42 A recent controversy concerning the interpretation of the 
ʋ ƉĞĂŬ41, 44 was ĂĚĚƌĞƐƐĞĚ ŝŶ ƐƵďƐĞƋƵĞŶƚ ƚŚĞŽƌĞƚŝĐĂů ƐƚƵĚŝĞƐ ǁŚŝĐŚ ƐŚŽǁ ƚŚĂƚ  ?ĨŽƌ ^dD-
>^ Z ƚŚĞ ʋ ůŽƐƐ ƉĞĂŬ ŝƐ ŵŽƐƚ ĂƉƉƌŽƉƌŝĂƚĞůǇ ŝŶƚĞƌƉƌĞƚĞĚ ĂƐ ƉƌĞĚŽŵŝŶĂŶƚůǇ ĚƵĞ ƚŽ ƚŚĞ
ĞǆĐŝƚĂƚŝŽŶ ŽĨ ƚŚĞ ŝŶƚĞƌďĂŶĚ ʋ ƉůĂƐŵŽŶ ŽĨ ďŽƚŚ ĚŽƉĞĚ17 and dopant free15, 16 graphene. In 
following with this, we use STEM-EELS to show that a single B or N substitutional atom 
ĚŽƉĂŶƚ ŝŶĚƵĐĞƐ ĚĂŵƉĞŶŝŶŐ Žƌ ĞŶŚĂŶĐĞŵĞŶƚ ŽĨ ƚŚĞ ŐƌĂƉŚĞŶĞ ŝŶƚĞƌďĂŶĚ ʋ ƉůĂƐŵŽŶ ?
respectively, with an estimated relative 16% decrease (B) or 20% increase (N) ŝŶ ƋƵĂůŝƚǇ
factor, and, a ~1 nm localisation in both cases. This effect was observed independently using 
two separate STEM-EELS systems (with different yet complementary experimental 
parameters) and is significantly more pronounced than that previously reported for single Si 
atoms.19  
Ab initio calculations were carried out on the largest supercells possible whilst keeping the 
computational costs tractable to validate the experimental results. While our theoretical 
spectra broadly reproduce the trends observed experimentally, it is suggested that the 
supercell sizes used in the present work (in practice limited by associated computational 
costs) are simply too small to accurately predict the relevant properties of the 
experimentally probed systems and faithfully reproduce all the details of the loss function.  
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Nevertheless, our combination of state-of-the-art experimental and theoretical results 
demonstrates that the plasmonic properties of graphene can be tailored at the atomic scale, 
ƵƐŝŶŐ ĂŶ ŝŵƉůĂŶƚĂƚŝŽŶ ƚĞĐŚŶŝƋƵĞ ĂůƌĞĂĚǇ ĞǆƚĞŶƐŝǀĞůǇ ƵƐĞĚ ŝŶ ƐĞŵŝ-conductor industry.23, 29 
AƚŽŵŝĐ ƐĐĂůĞ ƉůĂƐŵŽŶ ĞŶŐŝŶĞĞƌŝŶŐ ŽĨ ŐƌĂƉŚĞŶĞ ŵŝŐŚƚ ƉƌŽǀĞ ǀĂůƵĂďůĞ ŝŶ ƚŚĞ ƋƵĞƐƚ ĨŽƌ
utilising ŐƌĂƉŚĞŶĞ ?Ɛ ƉƌŽƉĞƌƚŝĞƐtowards the development of plasmonic and optoelectronic 
devices operating in the UV waveband. Indeed, recent reports propose ƵƚŝůŝƐŝŶŐ ƚŚĞ ʋ
interband plasmon response associated with graphene nanopores as a sensing mechanism 
for DNA nucleotides.45, 46 
RESULTS  
Dopant Induced Response  
Figure 1 shows medium angle annular dark field (MAADF: see Methods section for the 
corresponding optical parameters) images of patches of B doped (Figure 1a) and N doped 
(Figure 1b) ŐƌĂƉŚĞŶĞĂĐƋƵŝƌĞĚƐŝŵƵůƚĂŶĞŽƵƐůǇǁŝƚŚƚŚĞcorresponding valence loss spectra 
shown in Figures 1c and d. Following Refs.,23, 29 the lower (higher) relative image intensity in 
the honeycomb lattice is attributed to the presence of an individual B (N) atom, indicated by 
the red (blue) arrow in Figure 1a (b). Figure S1 in the Supporting Information shows B-K and 
N-K ionisation edge maps of the same B and N atoms shown in Figure 1. B (N) doped valence 
loss spectra ǁĞƌĞ ĂĐƋƵŝƌĞĚ simultaneously with the images in Figure 1a (b). Each pixel in 
Figures 1a, b corresponds to one individual spectrum. Spectra from the B (N) doped patches 
shown in Figures 1c, d were integrated ŽǀĞƌƚŚĞƌĞŐŝŽŶƐŝŶĚŝĐĂƚĞĚďǇƚŚĞƌĞĚ ?ďůƵĞ ZƐƋƵĂƌĞƐ
in Figure 1a (b).  
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Figure 2a shows a MAADF image of a single layer patch of non-doped graphene, where the 
top and bottom higher contrast regions correspond to carbonaceous material superimposed 
on the graphene sheet. Spectra in Figures 2b, c were integrated over regions 1-4 indicated in 
Figure 2a. Spectra from regions 1 and 3 are compared to those of the B and N doped 
samples in Figures 1c and d. Table 1 shows ʋƉĞĂŬĞŶĞƌŐŝĞƐĂŶĚ&t,DƐ extracted from the 
spectra in Figure 1c (see Methods). 
The spectra in Figures 1c, d and Figures 2b, c contain a wealth of information which allows 
for an in-depth analysis of the effect of B and N doping on the graphene dielectric response. 
Perhaps the most striking result is shown in Figure 1c, where the background-subtracted 
ŶŽƌŵĂůŝƐĞĚ ʋ ƉĞĂŬ ŽĨ the valence loss spectrum exhibits an apparent significant 
modification of the dielectric response as a function of heteroatom doping. When compared 
to the non-doped sample, the spectra appear to indicate that the inclusion of a single B 
ĂƚŽŵƌĞƐƵůƚƐŝŶƐŝŐŶŝĨŝĐĂŶƚďƌŽĂĚĞŶŝŶŐŽĨƚŚĞʋƉĞĂŬ ?ŽŶǀĞƌƐĞůǇ ?ƚŚĞŝŶĐůƵƐŝŽŶŽĨĂƐŝŶŐůĞE
atom appears to ƌĞƐƵůƚƐŝŶƚŚĞʋƉĞĂŬďĞĐŽŵŝŶŐƐŝŐŶŝĨŝĐĂŶƚůǇ narrower.  
Before continuing onto a detailed analysis of the spectra in Figure 1c, it is important to take 
into consideration any contributions to the spectra that can be attributed to factors other 
than the individual dopant atoms. Due to so-called inelastic delocalisation,31 an incident 
electron has a finite probability of undergoing inelastic scattering some distance away from 
where the highly focused electron beam impacts the sample. The extent of inelastic 
ĚĞůŽĐĂůŝƐĂƚŝŽŶ ĐĂŶ ďĞ ƋƵĂŶƚŝĨŝĞĚ ŝŶ ƚĞƌŵƐ ŽĨ ƚŚĞ ƐŽ-called localization diameter 
 3/ 4
50 0
0.8 /E Ed | O , 47 where E0 is the incident electron energy, E is the energy loss and ʄ is 
the incident electron wavelength. The localization diameter gives the size of the area within 
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ǁŚŝĐŚ  ? ?A? ŽĨ ŝŶĞůĂƐƚŝĐ ƐĐĂƚƚĞƌŝŶŐ ŝƐ ĞǆƉĞĐƚĞĚ ƚŽ ŽĐĐƵƌ ? &Žƌ ƚŚĞ ʋ ƉĞĂŬ  50 5 eV 5 nmd | | , 
thus for accurate interpretation of the spectra in Figure 1c one needs to consider the sample 
composition several nm away from the electron beam position.  
The bright contrast at the top and bottom of the MAADF image in Figure 2a shows the 
presence of carbonaceous disordered material covering an un-doped graphene patch. The 
same kind of carbonaceous disordered material surrounds all graphene patches (doped or 
otherwise) investigated in the present work (see also Figure S4 in the Supporting 
Information). Thus, it is crucial to determine any possible contribution of this carbonaceous 
ŵĂƚĞƌŝĂůƚŽƚŚĞƌĞĐŽƌĚĞĚǀĂůĞŶĐĞůŽƐƐƐƉĞĐƚƌĂ ?dŚŝƐǁĂƐĚŽŶĞďǇƐĞƌŝĂůůǇĂĐƋƵŝƌing individual 
spectra over the entire region shown in Figure 2a. These spectra were integrated over four 
selected regions (labelled 1-4, Figure 2a) with varying proximity to the carbonaceous 
material. Background-subtracted spectra from all four regions are normalised to the ~15 eV 
ʋA?ʍƉĞĂŬ15, 16, 37, 48 in Figure 2b. With decreasing distance to the carbonaceous material, the 
spectra in Figure 2b exhibit an increased intensity in the high energy ƐŚŽƵůĚĞƌ ŽĨ ƚŚĞ ʋA?ʍ
peak. This is attributed to the contribution of the 22-23 ĞsʋA?ʍƉĞĂŬŽĨĚŝƐŽƌĚĞƌĞĚĐĂƌďŽŶ ?49 
Figure 2c shows the effect of electron beam proximity to the carbonaceous material on the 
ŶŽƌŵĂůŝƐĞĚ ʋ Ɖeak from regions 1 and 4. The appearance of a high energy loss ~6 eV 
shoulder in the spectrum from region 4 (indicated by the black arrow in Figure 2c) can 
clearly be attributed to the ~6.5 eV peak of disordered carbon.49 Having established the 
likely spectral contributions of material surrounding the clean patches, the effect of doping 
in Figures 1c, d can now be evaluated.  
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^ƉĞĐƚƌĂŶŽƌŵĂůŝƐĞĚƚŽƚŚĞʋA?ʍƉĞĂŬŚĞŝŐŚƚĂƌĞĐŽŵƉĂƌĞĚĨŽƌŶŽŶ-doped (regions 1 and 3) 
and doped graphene in Figure 1d. Clearly there is a minor contribution of beam proximity to 
carbonaceous material in the B and N doped spectra in Figure 1d. This contribution matches 
exactly that of the non-doped graphene spectrum integrated over region 3 in Figure 2a. 
dŚĞƌĞ ĂƌĞ ? ŚŽǁĞǀĞƌ ? ƐŝŐŶŝĨŝĐĂŶƚ ĚŝĨĨĞƌĞŶĐĞƐ ďĞƚǁĞĞŶƚŚĞ ʋ ƉĞĂŬƐ ŽĨ ƚŚĞ  ?E ŝŵƉůĂŶƚĞĚ
samples and that of the non-doped sample ? &Žƌ E ĚŽƉĞĚ ŐƌĂƉŚĞŶĞ ? ƚŚĞ ʋpeak is 
significantly narrower than that of both non-doped spectra in Figure 1c. For B doped 
ŐƌĂƉŚĞŶĞ ? ƚŚĞ ʋ ƉĞĂŬ ŝƐ ƐŝŐŶŝĨŝĐĂŶƚůǇ ďƌŽĂĚĞƌ ƚŚĂŶ ƚŚĂƚŽĨ ďŽƚŚ ƚŚĞ ŶŽŶ-doped spectra in 
Figure 1c. Moreover, there is broadening on both the high and low energy shoulders of the 
ʋƉĞĂŬĨŽƌĚŽƉĞĚŐƌĂƉŚĞŶĞ (Figure 1c), rather than only for the high energy shoulder as 
was observed for the non-doped spectra for regions 3 (Figure 1c) and 4 (Figure 2c). Thus the 
ŽďƐĞƌǀĞĚ ʋ ƉĞĂŬ ǁŝĚƚŚ ŵŽĚŝĨŝĐĂƚŝŽŶ ŝŶ ƚŚĞ E ĂŶĚ  ĚŽƉĞĚ Ɛpectra in Figure 1c is 
unambiguously different from the effects induced by the electron beam proximity to 
possible surrounding carbonaceous material discussed above, and provides a clear spectral 
fingerprint of the tailored plasmonic response of doped graphene.  
In order to evaluate possible instrumental factors affecting the spectra (in Figure 1c), B and 
N doped, and, non-doped graphene loss spectra were also recorded using a lower energy 
resolution microscope (a non-monochromated Nion UltraSTEM100 microscope, see Figure 
S3c in the Supporting Information and Methods section) than the instrument on which the 
ĚĂƚĂƉƌĞƐĞŶƚĞĚŽŶĨŝŐƵƌĞƐ ?ĂŶĚ ?ǁĞƌĞĂĐƋƵŝƌĞĚ ?ĂŵŽŶ ĐŚƌŽŵĂƚĞĚEŝŽŶhůƚƌĂ^dD ? ? ?D
 R,ĞƌŵĞƐ ? ? ǁŚŝĐŚ ŝƐ ĐĂƉĂďůĞ ŽĨ AM ? ? meV energy resolution: see Methods section). The 
UltraSTEM100MC and UltraSTEM ? ? ?ʋƉĞĂŬƐƉĞĐƚƌĂƐŚŽǁexcellent ƋƵĂůŝƚĂƚive agreement 
(see the Supporting Information). These additional, independent observations 
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unambiguously validate ƚŚĞ ŽďƐĞƌǀĞĚ ʋ ƉĞĂŬ ŵŽĚŝĨŝĐĂƚŝŽŶ ĨŽƌ  ?E Z ĚŽƉĞĚ ŐƌĂƉŚĞŶĞ  ?ŝŶ
Figure 1c) as experimentally meaningful and unrelated to instrumental factors.  
In light of the above analysis, where proximity to surrounding carbonaceous material and 
instrumental factors are taken into careful consideration, we therefore conclude that the 
ŝŶĐƌĞĂƐĞ ?ĚĞĐƌĞĂƐĞ ZŝŶʋloss peak width in Figure 1c can be unambiguously attributed to the 
incorporation of a single substitutional B (N) atom dopant in the graphene lattice, and a 
ĨŝŶŐĞƌƉƌŝŶƚŽĨƚŚĞƚĂŝůŽƌŝŶŐŽĨƚŚĞĚŽƉĞĚŐƌĂƉŚĞŶĞƐŚĞĞƚ ?ƐƉůĂƐŵŽŶŝĐƌĞƐƉŽŶƐĞ.  
Localisation  
An interesting aspect of dopant induced modification of the valence loss response of 
graphene is the degree to which such an effect is localised. Zhou et al.19 reported a 
significant and highly localised increase in ʋ ĂŶĚ ʋA?ʍloss peak intensities upon 
incorporation of a single Si atom in a suspended graphene monolayer. This result was later 
confirmed by means of a combination of STEM-EELS and theoretical modelling.50 As the 
present dopant-induced ʋƉĞĂŬmodifications (shown in Figures 1c and S3c) are significantly 
more pronounced than the enhancement reported for a single Si atom,19 one might expect a 
comparable degree of localisation to that reported by Zhou et al.19 A combination of 
obfuscation by local variations in the overlapping ZLP tail intensity (due to fluctuations in the 
electron probe current) and spectrometer camera noise made it difficult to extract 
unambiguous localised information from the experimental data used to generate Figures 1 
and S3. However, when optimising the experimental conditions to increase the signal-to-
noise (at the cost of reducing the energy resolution to 450-500 meV, see Methods) the local 
variation in the valence loss response can be mapped at the nano-scale. Figure 3 shows 
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MAADF images and EELS maps of patches including a single N or B dopant. The EELS maps 
were integrated over energy regions dominaƚĞĚ ďǇ ƚŚĞ ʋ Ɖeak (4.0-5.5 Ğs Z ? ƚŚĞ ʋA?ʍ Ɖeak 
(13-25 Ğs Z ? ĂŶĚ ƚŚĞ ĞǆƚĞŶĚĞĚ ƚĂŝů ŽĨ ƚŚĞ ʋA?ʍ ƉĞĂŬ  ? ? ?-43 eV and 44-60 eV). Both the 4.0-
5.5 eV maps in Figure 3 are again dominated by the ZLP tail intensity due to fluctuations in 
the electron probe current and spectrometer camera noise, thus obfuscating any localised 
information. In contrast to the case of a single Si dopant,19 no significant localised 
ĞŶŚĂŶĐĞŵĞŶƚ ǁĂƐ ŽďƐĞƌǀĞĚ ĨŽƌ ƚŚĞ ʋA?ʍ ƉĞĂŬ of B and N doped graphene. However, the 
ĞǆƚĞŶĚĞĚ ʋA?ʍ ƚĂŝů ŵĂƉƐ ƐŚŽǁ ĂŶ ĂƉƉĂƌĞŶƚ ĂƚŽŵŝĐĂůůǇ ƌĞƐŽůǀĞĚ ĐŽŶƚƌĂƐƚ ĐŽƌƌĞƐƉŽŶĚŝŶŐ
mostly to the graphene lattice (26-43 eV) and the dopant atoms (44-60 eV), in good general 
agreement with recent reports by Kapetanakis et al. on non-doped51 and Si doped 
graphene.50 The densities of states calculated for these two systems by Kepaptsoglou et al.8 
indeed predict a deficiency (resp. excess) density localised on the B (resp. N) dopant below 
the Fermi level, with further localised (or resonant, to reprise Kapetenakis et al. ?Ɛ
terminology50) statĞƐ ƵŶŽĐĐƵƉŝĞĚ Ăƚ ŚŝŐŚ ĞŶĞƌŐǇ ŝŶ ƚŚĞ ʋ ? ďĂŶĚ ? ǁŚŝĐŚ ǁŽƵůĚ ůĞĂĚ ƚŽ ƚŚĞ
contrast observed experimentally.  
In order to extract localised information about the B and N dopant-ŝŶĚƵĐĞĚĞĨĨĞĐƚƐŽŶƚŚĞʋ
peak, the datasets shown in Figure 3 were de-ŶŽŝƐĞĚ ĂŶĚ ƚŚĞ ʋ ƉĞĂŬƐ ǁĞƌĞ ĨŝƚƚĞĚ ǁŝƚŚ Ă
Gaussian (see Methods). Figures 4 ĂĂŶĚĚƐŚŽǁĞǆƚƌĂĐƚĞĚůŝŶĞƉƌŽĨŝůĞƐŽĨƚŚĞʋƉĞĂŬ&t,D
compared to corresponding MAADF image intensities for N and B doped graphene, 
respectively, in the vertical direction (profiles labelled I and III, as indicated) and horizontal 
direction (profiles labelled II and IV, as indicated). The MAADF images and FWHM maps 
from which these line profiles were extracted are shown in Figures 4b, c (N) and e, f (B). 
Overview MAADF images in Figures 4g and h are presented as duplicate pairs, where the 
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contrast is enhanced in the leftmost image of each pair in order to increase the visibility of 
the dopant atoms and the graphene lattice. The white rectangles in Figures 4 g, h indicate 
the confines of the regions from which the data in Figures 4a-c, d-f were ĂĐƋƵŝƌĞĚ. The 
white arrows indicate the presence of disordered carbonaceous material superimposed on 
the graphene sheets, away from the dopants. The FWHM line profiles in Figure 4 show 
either a local minimum (Figure 4a) or maximum (Figure 4d) superimposed on a slowly 
increasing (Figure 4a) or decaying (Figure 4d) slope. Due to the limited energy resolution in 
these datasets where experimental parameters were adjusted to optimise signal-to-noise 
for 2D mapping, an unambiguous distinction between symmetric (i.e. dopant induced) and 
asymmetric (i.e. induced by proximity to carbonaceous material) broadening of the ʋƉĞĂŬ
was not feasible, in contrast to the datasets shown in Figures 1, 2 where, as discussed 
above, these effects can be unambiguously distinguished spectrally. Nevertheless, the local 
ĚĞĐƌĞĂƐĞ ?ŝŶĐƌĞĂƐĞ ZŝŶʋƉĞĂŬ&t,D ?ĐĞŶƚƌĞĚŽŶƚŚĞƉŽƐŝƚŝŽŶŽĨƚŚĞƌĞƐƉĞĐƚŝǀĞŝŶĚŝǀŝĚƵĂůE
(B) atom dopant, clearly reproduces ƋƵĂůŝƚĂƚŝǀĞůǇƚŚĞĚĞĐƌĞĂƐĞ ?ŝŶĐƌĞĂƐĞ ZŝŶʋƉĞĂŬ&t,D in 
Figures 1c and S3c and is attributed to the incorporation of a single dopant. The spatial 
extent of the dopant-induced ʋpeak modification can be estimated to ~1 nm in both cases 
from the line profiles in Figures 4a and d (with a larger error in linetraces II and IV due to the 
reduced size of the maps in these directions), and is also indicated on maps in Figures 4c and 
f with a dotted white circle as a guide to the eye. The much more slowly varying slopes of 
the FWHM line profiles are expected to arise from the contribution of the surrounding 
carbonaceous material, rather than the individual dopants. Indeed, these correlate visually 
with the presence of some carbonaceous material surrounding the single layer graphene 
patches in Figures 4g and h. Note that as de-noising through Principal Component Analysis 
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(PCA, see Methods section) was necessary for producing the maps in Figures 4 c, f, possible 
contributions of unintended artefacts induced by this process cannot be excluded 
ĂůƚŽŐĞƚŚĞƌ ĚĞƐƉŝƚĞ ƚŚĞ ĐĂƌĞ ƚĂŬĞŶ ŝŶ ŽƌĚĞƌ ƚŽ ŵŝŶŝŵŝƐĞ ƐƵĐŚ ĞĨĨĞĐƚƐ ? DŽƌĞŽǀĞƌ ? ĂƐ ȴ AN
200 ŵĞs ?ƚŚĞĂďƐŽůƵƚĞʋƉĞĂŬ&t,DǀĂůƵĞƐŝŶFigures 4 a, c, d, f are significantly affected 
by instrumental broadening (see the Supporting Information). Thus, the present ~1 nm 
localisation estimate would likely benefit from confirmation using a spectrometer camera 
with significantly better noise characteristics than those used in the present work. Such an 
experiment could make it possible to carry out spatially resolved measurements for which 
ŝŶƐƚƌƵŵĞŶƚĂů ďƌŽĂĚĞŶŝŶŐ ǁŽƵůĚ ďĞ ŶĞŐůŝŐŝďůĞ ? ƚŚƵƐ ĂůƐŽ ƉƌŽǀŝĚŝŶŐ ĂďƐŽůƵƚĞ ʋ ƉĞĂŬ &t,D
values. 
First-Principles Modelling 
For reliable prediction of the graphene loss spectrum it has been shown that at finite 
momentum transfer within density functional theory (DFT)52, 53 it is necessary to invoke 
corrections for local field effects (LFEs) to the random phase approximation (RPA) loss 
function.42 dŚĞŝŶĐůƵƐŝŽŶŽĨ>&ƐŝƐũƵƐƚŝĨŝĞĚďǇŵŝǆŝŶŐŽĨʋ-ʋ ?ƚƌĂŶƐŝƚŝŽŶs (including those of 
the Dirac cone), explaining42 why the observed39-41 ŐƌĂƉŚĞŶĞ ʋ Ɖeak dispersion deviates 
significantly from that of graphite. Moreover, excitonic effects have been predicted to 
introduce significant corrections to the graphene optical absorption spectrum,54-56 shifting 
for instance a major absorption peak from 5.1 eV to 4.5 eV.54 Thus for a comprehensive 
understanding of the above experimental results a theoretical treatment beyond classical 
dielectric theory is imperative. It is important to emphasise, however, that building 
theoretical models of low-loss excitations which are representative of the excitations being 
probed in the microscope is a delicate and difficult matter. For example, the 50% 
14 
 
localisation diameter of the excitation at about 5 eV is about seven times larger than the 
lattice vector of the 3x3 supercells used in our calculations.  
ŶŽƚŚĞƌ ĐŽŶƐĞƋƵĞŶĐĞ ŽĨ ƚŚĞ ƌĞůĂƚŝǀĞůǇ ƐŵĂůů ƐƵƉĞƌĐĞůůƐ ŝƐ ƚŚĂƚ ƚŚĞ ůŽǁĞƐƚ ĚŽƉĂŶƚ
conceŶƚƌĂƚŝŽŶ ĂƚƚĂŝŶĂďůĞ ? ǁŝƚŚŽƵƚ ĂŶǇ ĂƌƚŝĨŝĐŝĂů ĂĚũƵƐƚŵĞŶƚ ŽĨ ƚŚĞ ĚŽƉŝŶŐ ůĞǀĞů ? ŝƐ  ? ? ? ? A?
5.6%, ~ 6 times higher than that of the samples studied in the microscope (estimated in 
Ref.23). A high carrier concentration leads to the emergence of an intraband plasmon which 
obscures the losses (and thus the lifetime) of the interband ʋ-ƉůĂƐŵŽŶĂƚůĂƌŐĞĨƌĞƋƵĞŶĐŝĞƐ
thus highlighting the importance of eliminating the intraband response. With these 
considerations in mind, theoretical calculations have been performed on supercells of sizes 
 ?ǆ ?ĐŽŶƚĂŝŶŝŶŐĂƐŝŶŐůĞ ?EĚŽƉĂŶƚ ŝŶĐůƵĚŝŶŐƐƚĂƚĞƐƵƉƚŽA?15 eV above the Fermi energy. 
dŚĞĚŽƉŝŶŐůĞǀĞůǁĂƐƐƵďƐĞƋƵĞŶƚůǇĂĚũƵƐƚĞĚƚŽƚŚĞŝƌĂĐƉŽŝŶƚƐƵĐŚĂƐƚŽĞůŝminate excess 
ĐĂƌƌŝĞƌƐ ŝŶĚƵĐĞĚ ďǇ ƚŚĞ  ?E ĚŽƉĂŶƚ ĂŶĚ ƚŚƵƐ ƌĞŵŽǀĞ ƚŚĞ ŝŶƚƌĂďĂŶĚ ĚŝĞůĞĐƚƌŝĐ ƌĞƐƉŽŶƐĞ ? 
Calculations on 4x4 supercells were attempted but failed due to excessive memory 
ƌĞƋƵŝƌĞŵĞŶƚƐ ?Monkhorst-Pack k points grids of 36x36x1 were employed and the EEL 
spectrum was calculated by assuming an isotropic dielectric response so that 2D momentum 
integration can be reduced to a 1D integral. The validity of this assumption was tested by 
comparison to the full momentum integration, with a coarser sampling. 
The results are shown in Figure 5. Full lines indicate local EEL spectra averaged over the 
entire 3x3 supercell. Dashed lines mark the ƋA? 0 component of the EEL spectrum  ?ǁŚĞƌĞƋA?
|ݍԦ|) which by comparison to the full lines give an idea of the importance of non-local effects. 
Red and blue lines indicate respectively B and N doping and the grey shaded area shows the 
reference pristine graphene spectrum. Generally the effect of including the non-local 
response is a blue-shift of the EEL spectral features. We point out that the pure graphene 
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spectra show a strong agreement with the momentum-resolved energy loss spectra found 
for freely-suspended single-layer pure graphene by Wachsmuth et al.,40 exhibiting the same 
dispersion characteristics in the energy range considered. The theoretical pure graphene 
spectra presented in Figure 5 also show a strong resemblance to previously published 
theoretical studies40, 57-59 with a shoulder in the range 1  3 eV consistent with single-particle 
ʋAPʋ ?ĞǆĐŝƚĂƚŝŽŶƐĂŶĚĂƐƚƌŽŶŐĞǆĐŝƚĂƚŝŽŶĂƚĂďŽƵƚ5 eV.  
For the doped cases, the comparison to experimental data is less straightforward. Relatively 
sharp features are observed at energies between 3-3.5 eV on the low energy side of the ʋ
peak in the simulated loss spectra, whereas such features were never observed 
ĞǆƉĞƌŝŵĞŶƚĂůůǇ ? ƌĞŐĂƌĚůĞƐƐ ŽĨ ƚŚĞ ĞŶĞƌŐǇ ƌĞƐŽůƵƚŝŽŶ ƵƐĞĚ ĨŽƌ ƚŚĞ ĂĐƋƵŝƐŝƚŝŽŶ ? dŚĞ ƐŚĂƌƉ
nature of these features, and the fact that they are not affected by the inclusion of higher 
ŵŽŵĞŶƚƵŵƚƌĂŶƐĨĞƌƐŝŶƚŚĞĐĂůĐƵůĂƚŝŽŶ ?ƐƵŐŐĞƐƚƚŚĞƐĞĐĂŶůŝŬĞůǇďĞĂƚƚƌŝďƵƚĞĚƚŽƐŝŶŐůĞʋAP
ʋ ? ƚƌĂŶƐŝƚŝŽŶƐinvolving states created as an artefact due to the finite supercell size. 
Nonetheless, when comparing Figure 5 to our preliminary calculations in Figure S5 in the 
Supporting Information, it is clear that adjusting the doping level to the Dirac point goes a 
long way towards minimising artefacts induced by finite supercell size. By contrast, the high 
energy shoulder of the ʋ peak at about 5 eV follows the experimental trend: when including 
a full summation over ݍറ, the calculated B doped (resp. N doped) loss function is marginally 
broader (resp. narrower) than the undoped case. Interestingly, the calculations carried out 
in the optical limit show a less pronounced trend. This will be discussed in more detail 
below.  
Considering the excellent match of our calculations of pure graphene with published 
theoretical and experimental studies, and the reproducibility of the experimental spectra 
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ĂĐƋƵŝƌĞĚ ŽŶ ƚǁŽ ĚŝĨĨĞƌĞŶƚ ŝŶƐƚƌƵŵĞŶƚƐ ŝŶ Figures 1c and S3c, it stands to reason that the 
moderate match to the experimental data in the doped cases in Figure 5 is due to the fact 
that calculations using 3×3 super cells are not a fully realistic representation of the single-
dopant systems studied in the microscope(s). Increasing the super cell size to 4x4 is however 
not an option in practice since the memory demands increase drastically and would 
probably still not be sufficient for a direct comparison with the experimental STEM-EELS 
spectrum due to the relatively large localisation diameter. Thus the presented calculations 
were as thorough and using as high a level of detail as is currently possibly while keeping the 
computational costs tractable. In conclusion, given that the observed trends on the high 
energy side of the ʋ peak reproduce those observed experimentally, we surmise that a 
calculation using a much larger supercell with a single dopant atom would likely improve 
ƚŚŝƐ ĂŐƌĞĞŵĞŶƚ ĂŶĚ ƉƌŽǀŝĚĞ Ă ŵŽƌĞ ǀĂůŝĚ ĞǆƉĞƌŝŵĞŶƚ ?ƚŚĞŽƌǇ ĐŽŵƉĂƌŝƐŽŶ ? tĞ ƐƵƌŵŝƐĞ
further that it is unlikely that a GW60 or BSE61 calculation on the supercells used in this study 
(currently computationally impractical) would yield a significantly different result; it has 
been shown that the standard ground state LDA electronic structure has strong overall 
similarity to that found using GW59, albeit with small but important differences at the Dirac 
point. Thus, from a methodological point of view, in spite of merely reproducing trends 
rather than providing a 1:1 match with experimental results (arguably the ultimate goal of 
such calculations), the vast amount of numerical work summarised in Figure 5 could be 
thought of as a useful benchmark for further developments. Here, we include local field 
effects, compensate for altered carried concentration, and, importantly, include the 
convergent probe geometry in the final calculated spectra which has been shown to lead to 
exciting insights when comparing to experimental data.62  
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DISCUSSION 
As discussed briefly above, the ŝŶƚĞƌƉƌĞƚĂƚŝŽŶ ŽĨ ƚŚĞ ŐƌĂƉŚĞŶĞ ǀĂůĞŶĐĞ ůŽƐƐ ʋ ƉĞĂŬ ŚĂƐ
recently been the matter of some controversy in the scientific community: while Liou et al.41 
reported ĂƐŝŐŶŝĨŝĐĂŶƚ S ?ƉůĂƐŵŽŶĐŚĂƌĂĐƚĞƌ ?ĨŽƌƚŚĞʋƉĞĂŬ ?EĞůƐŽŶet al.44 attributed ƚŚĞʋ
peak solely to the excitation of a single-particle interband transition.44 The conflict between 
the apparently differing reports was resolved by Novko et al.15 and Nazarov16 for non-doped 
graphene by means of comprehensive theoretical modelling: for STEM-EELS ƚŚĞʋƉĞĂŬĐĂŶ
ďĞĂƚƚƌŝďƵƚĞĚƉƌŝŵĂƌŝůǇƚŽƚŚĞĞǆĐŝƚĂƚŝŽŶŽĨƚŚĞŝŶƚĞƌďĂŶĚʋƉůĂƐŵŽŶŽĨŐƌĂƉŚĞŶĞ ?<ƵƉēŝđet 
al.
17 showed that this also is the case for doped graphene.  
/Ŷ ŐĞŶĞƌĂů ? ƚŚĞ ĚĞŐƌĞĞ ƚŽ ǁŚŝĐŚ ƚŚĞ ʋ ƉĞĂŬ ĐĂŶ ďĞ ĂƚƚƌŝďƵƚĞĚ to a collective excitation is 
dependent on the magnitude of momentum transfer allowed to contribute to the 
spectrum.15-17 According to Novko et al.15, this can be understood as follows (for the sake of 
ƐŝŵƉůŝĐŝƚǇŽŶůǇƚŚĞʋƉĞĂŬ ŝƐ ĨŝƌƐƚĐŽŶƐŝĚĞƌĞĚ Z: for very small wave vectors (ݍറ) approaching 
the long wavelength limit (ݍറї0), the effect of dynamic screening is negligible, which means 
ƚŚĂƚƚŚĞʋƉĞĂŬĐĂŶďĞĂƚƚƌŝďƵƚĞĚ ƚŽʋAPʋ ?ŝŶƚĞƌďĂŶĚƚƌĂŶƐŝƚŝŽŶs around the M point of the 
Brillouin zone. dŚĞ ʋ ƉĞĂŬ ƚŚĞƌĞĨŽƌĞ ĨŽůůŽǁƐ Ă ݍറଶ dispersion given by band structure 
topology. With increasing ݍറ the efficiency of dynamic screening increases, which means that 
ƚŚĞʋƉĞĂŬƐŚŝĨƚƐƚŽŚŝŐŚĞƌĞŶĞƌŐŝĞƐƚŚĂŶƚŚŽƐĞĐŚĂƌĂĐƚĞƌŝƐƚŝĐof a peak purely due to single 
ƉĂƌƚŝĐůĞ ʋAPʋ ? ĞǆĐŝƚĂƚŝŽŶs. For finite, intermediate, ݍറ ǀĂůƵĞƐ ƚŚĞ ʋ ƉĞĂŬ ĨŽůůŽǁƐ Ă ඥݍറ 
dispersion characteristic of a 2D electron gas plasmon, and thus can be understood as being 
due to the excitation of a 2D collective mode. When LFEs were included in the calculations 
by Novko et al.15, the real part of the dielectric function ĨŽƌƚŚĞʋƉĞĂŬapproached, but did 
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not cross, zero. dŚŝƐĂŶĚĂƉƌĞĚŝĐƚĞĚďƌŽĂĚʋƉĞĂŬƐŚĂƉĞ ŝŶƚŚe finite ݍറ regime are both 
attributed to strong Landau dampening of the collective response. With increasing ݍറ ?ƚŚĞʋ
ƉĞĂŬĚŝƐƉĞƌƐŝŽŶƐůŽǁůǇĂƉƉƌŽĂĐŚĞƐƚŚĂƚŽĨĂŶƵŶƐĐƌĞĞŶĞĚʋAPʋ ?ƚƌĂŶƐŝƚŝŽŶ ?ǁŚŝůĞƌĞƚĂŝŶŝŶŐ
the broad peak shape of the Landau damped plasmon region. Thus for large ݍറ ǀĂůƵĞƐ ?ƚŚĞʋ
peak again exhibits a ƐŝŐŶŝĨŝĐĂŶƚ ƐŝŶŐůĞ ƉĂƌƚŝĐůĞ ʋAPʋ ? ĐŚĂƌĂĐƚĞƌ ?15 This model is in good 
general agreement with the work of Nazarov.16 &ŽƌƚŚĞʋA?ʍƉĞĂŬƚŚĞƐĂŵĞďĂƐŝĐĚĞƐĐƌŝƉƚŝŽŶ
ĂƉƉůŝĞƐ ĂƐ ƚŚĂƚ ĨŽƌ ƚŚĞ ʋ ƉĞĂŬ ĂďŽǀĞ ? ĂůďĞŝƚ ǁŝƚŚ ƚŚĞ ĐĂǀĞĂƚ ƚŚĂƚ ƚŚĞ ʋA?ʍ ƉĞĂŬ ĐŽŵƉƌŝƐĞƐ
contributions from ƚǁŽƐĞƉĂƌĂƚĞʍAPʍ ?ƚƌĂŶƐŝƚŝŽŶƐ ?plasmons, thus somewhat complicating 
the situation.15 ZĞŐĂƌĚůĞƐƐ ? ĂƐ Ăůů ůŽƐƐ ƐƉĞĐƚƌĂ ŝŶ ƚŚĞ ƉƌĞƐĞŶƚ ǁŽƌŬ ǁĞƌĞ ĂĐƋƵŝƌĞĚ ďǇ
accepting spectral contributions over a large ݍറ-range (i.e. from the long wavelength limit to 
ďĞǇŽŶĚ ƚŚĞ ĨŝƌƐƚ ƌŝůůŽƵŝŶ ǌŽŶĞ Z ? ƚŚĞ ƉƌĞƐĞŶƚ ʋ ĂŶĚʋA?ʍ ůŽƐƐ ƐƉĞĐƚƌƵŵ ƉĞĂŬƐ ĂƌĞ ŵŽƐƚ
appropriately interpreted as predominantly due to the excitation of Landau dampened 
interband plasmons in graphene.  
Thus the obsĞƌǀĞĚŵŽĚŝĨŝĐĂƚŝŽŶŽĨʋƉĞĂŬǁŝĚƚŚ above (see Figures 1c, S3c and Tables 1, S1) 
can confidently be attributed to a significant dopant-induced modification of the interband 
ʋƉůĂƐŵŽŶĞǆĐŝƚĂƚŝŽŶůŝĨĞƚŝŵĞ.31 Or in other words: the observed effects can be understood 
in terms of dampening or enhancement of the ŝŶƚĞƌďĂŶĚʋƉůĂƐŵŽŶ of graphene. Despite 
having a predominantly collective character, the results presented above (see Figure 4) 
clearly show ƚŚĂƚ ƚŚĞ   ?E Z ĚŽƉĂŶƚ ŝŶĚƵĐĞĚ ʋ ƉůĂƐŵŽŶ ĚĂŵƉĞŶŝŶŐ  ?ĞŶŚĂŶĐĞŵĞŶƚ Z ŝƐ
remarkably localised; the measured response is confined to a ~1 nm region centred on the 
single B (N) dopant atom. This degree of localisation is consistent with that reported for 
single Si atoms.19  
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ŽŶĐĞƌŶŝŶŐ ƚŚĞ ʋA?ʍ(EEL: 12- 25 eV) peak maps in Figure 3, the lack of a localised 
enhancement indicates that the associated ŝŶƚĞƌďĂŶĚʍ plasmon(s) are largely unaffected by 
B or N doping, in stark contrast to the case of a substitutional Si atom.19, 50 As discussed 
above, the highly localised response associated with energy losses comprising the extended 
ƚĂŝů ŽĨ ʋA?ʍ ƉĞĂŬ  ?in Figure 3) are attributed to single particle interband transitions, rather 
than the collective response. Thus, from the present results and above discussion it is 
concluded that in terms of collective valence electron response, single substitutional B and 
E ĚŽƉĂŶƚƐ ƉƌŝŵĂƌŝůǇ ĂĨĨĞĐƚ ƚŚĞ ʋ valence electrons of suspended single layer graphene. 
Along the same lines, the presence of another type of substitutional defect (non-hexagonal 
rings) was recently shown to predominantly affect the interband ʋ plasmon of single wall 
carbon nanotubes.63  
 ƵƐĞĨƵů ƉĂƌĂŵĞƚĞƌ ĨŽƌ Ă ŵŽƌĞ ƋƵĂŶƚŝƚĂƚŝǀĞ ŝŶƚĞƌƉƌĞƚĂƚŝŽŶ ŽĨ ƉůĂƐŵŽŶ dampening and 
ĞŶŚĂŶĐĞŵĞŶƚ ŝƐ ƚŚĞ ĚŝŵĞŶƐŝŽŶůĞƐƐ ƋƵĂůŝƚǇ ĨĂĐƚŽƌ
PQ E /FWHM| , where EP is the plasmon 
energy.64 The lower the value of the Q factor, the higher the degree of collective mode 
dampening within a system. In order to minimize any error in the estimation of Q 
introduced by variations in spectral contribution from the carbonaceous material 
surrounding all investigated graphene patches, (using Table 1)  ĂŶĚ E ĚŽƉĞĚ ʋ ƉůĂƐŵŽŶ
ƋƵĂůŝƚǇĨĂĐƚŽƌƐǁĞƌĞĐŽŵƉĂƌĞĚƚŽƚŚĂƚŽĨƚŚĞŶŽŶ-doped spectrum integrated over region 3 
(see Figures 1, 2). WhiůĞĂůůƚŚƌĞĞƐǇƐƚĞŵƐĞǆŚŝďŝƚĂʋƉůĂƐŵŽŶƋƵĂůŝƚǇĨĂĐƚŽr of ~ 3, absolute 
Q values are problematic to determine directly due to the contributions of superimposed 
ʋAPʋ ? ŝŶƚĞƌďĂŶĚ ƚƌĂŶƐŝƚŝŽŶƐ, among other factors. However, relative changes in Q can be 
estimateĚ ĂƐƐƵŵŝŶŐ ƚŚĞ ĐŽŶƚƌŝďƵƚŝŽŶ ŽĨ ʋAPʋ ? ŝŶƚĞƌďĂŶĚ ƚƌĂŶƐŝƚŝŽŶƐ ƌĞŵĂŝŶ ůĂƌŐĞůǇ
unchanged upon B and N doping. Calculated band structures shown in Ref.29 predict only 
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very minor modifications of the graphene ʋĂŶĚʋ ?band structure topology upon B and N 
doping. By extension, it is therefore suggested that the corresponding loss spectrum ʋAPʋ ?
contribution will remain largely unaffected by B and N doping. From the values in Table 1, it 
is estimated that a single B dopant induces a 16% relative decrease in Q while a single N 
dopant induces a relative 20% increase in Q. As shown in, at an energy resolution of 
200 ŵĞsŽƌďĞƚƚĞƌƚŚĞʋƉĞĂŬǁŝĚƚŚĂƉƉĞĂƌƐƚŽďĞĚĞƚĞƌŵŝŶĞĚďǇĞǆĐŝƚĂƚŝŽŶůŝĨĞƚŝŵĞƌĂƚŚĞƌ
than instrumental broadening. Thus the contribution of instrumental broadening to the 
ŵĞĂƐƵƌĞĚʋƉůĂƐŵŽŶ ƋƵĂůŝƚǇĨĂĐƚŽƌƐŝƐĞǆƉĞĐƚĞĚƚŽďĞŶegligible in the present case.  
From an intuitive, if simplistic, picture of the dopant-induced valence electron structure 
ƌĞĂƌƌĂŶŐĞŵĞŶƚ ? ƚŚĞ ŽďƐĞƌǀĞĚ ĞĨĨĞĐƚ ĨŽƌ ƚŚĞ ʋ ƉůĂƐŵŽŶĐŽƵůĚ ďĞ ĂƚƚƌŝďƵƚĞĚ ƚŽ Ă ƌĞĚƵĐƚŝŽŶ
(increase Z ŝŶƚŚĞŶĞƚʋǀĂůĞŶĐĞĞůĞĐƚƌŽŶĚĞŶƐŝƚǇ ŝŶĚƵĐĞĚďǇƚŚĞ ŝŶĐŽƌƉŽƌĂƚŝŽŶŽĨĂƐŝŶŐůĞ
(N) atom in the graphene lattice, within the framework of classical dielectric theory.11, 17 
However, as induced microscopic components of the dielectric response contribute 
ƐŝŐŶŝĨŝĐĂŶƚůǇ ƚŽ ƚŚĞ > ʋ peak of graphene,42 such an interpretation could be highly 
problematic. The microscopic response was taken into account by including LFEs in our ab 
initio calculations presented above (see Figure 5). While the theoretical spectra in Figure 5 
ďƌŽĂĚůǇƌĞƉƌŽĚƵĐĞƚŚĞĞǆƉĞƌŝŵĞŶƚĂůƚƌĞŶĚƐĨŽƌƚŚĞʋƉůĂƐŵŽŶƉĞĂŬƐĨŽƌƚŚe doped cases in 
Figures 1c and S3c, there are also significant discrepancies. Thus, a detailed analysis of the 
exact mechanism resulting in eǆƉĞƌŝŵĞŶƚĂůůǇ ŽďƐĞƌǀĞĚ ʋ ƉůĂƐŵŽŶ ĚĂŵƉĞŶŝŶŐ ĂŶĚ
enhancement is problematic, based on the present results alone.  
In Figure 5, our calculations carried out in the optical limit show a less pronounced trend as 
compared to our calculations including a full summation over ݍറ. This might, at least in part, 
provide an explanation for the discrepancy between the EELS results shown here and the 
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optical conductivity results of Mak et al.56, who, in a combined experimental and theoretical 
study, showed simultaneous broadening and red-ƐŚŝĨƚ ŽĨ ƚŚĞ ʋ ƉĞĂŬ ƵƉŽŶ ďŽƚŚ p and n 
doping. Similarly, a red-ƐŚŝĨƚĨŽƌƚŚĞŽƉƚŝĐĂůĂďƐŽƌƉƚŝŽŶƐƉĞĐƚƌƵŵʋƉĞĂŬŽĨŐƌĂƉŚĞŶĞƵƉŽŶn 
doping has been predicted by Yang et al.55 Conventional optical absorption measurements 
ƉƌŽďĞ ƚŚĞ ƐŝŶŐůĞ ƉĂƌƚŝĐůĞ ʋAPʋ ?ĐŚĂƌĂĐƚĞƌ ŽĨ ƚŚĞ ʋ ƉĞĂŬ (se e.g. Ref. 48), while STEM-EELS 
probes predominantly the collective (finite ݍറ) respŽŶƐĞŽĨƚŚĞʋǀĂůence electrons.15-17 Thus 
the discrepancies between the present data and that of Ref. 56 could be rationalised by the 
present results reflecting primarily the induced collective response, rather than solely the 
response associated with dopant induced single particle transitions. As doping of graphene 
in a field effect transistor setup (Mak et al.56) ĂŶĚďǇ ?EŝŵƉůĂŶƚĂƚŝŽŶ26, 29 (present work) 
both primarily result in Fermi level shifts, differences in sample composition are expected to 
contribute to a lesser degree. 
Controllable doping of our graphene samples was achieved by means of low energy ion 
implantation.23, 29 Compared to earlier demonstrations of N or B doping via chemical 
routes,65 ion implantation of graphene shows great promise for modifying its electronic 
properties at the industrial scale due to the possibility of incorporating this processing step 
directly in existing flexible small-depth channel doping apparatus, already used extensively 
in the semi-conductor industry.23, 29 Thus our results not only demonstrate that single atom 
B or N dopants in graphene induce a highly localised dampening or enhancement of the 
ŝŶƚĞƌďĂŶĚ ʋ ƉůĂƐŵŽŶ, but also that these modifications of the dielectric response can be 
achieved using a process compatible with current industry. By extension, carefully 
controlling the position and number of single B or N atoms, or both, could open the door to 
atomic scale plasmonic engineering: forming conduits and more complex functional 
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geometries in graphene-based devices for plasmonic and optoelectronic applications 
operating at UV ĨƌĞƋƵĞŶĐŝĞƐ. As a relevant example, the local response of the ŝŶƚĞƌďĂŶĚʋ
plasmons associated with graphene nanopores has been proposed as the basis for a device 
for sensing mechanism for DNA nucleotides.38, 39 
CONCLUSION 
Using two separate dedicated STEM-EELS systems, it is demonstrated that a single atom B or 
N substitutional dopant respectively induces a ƋƵĂŶƚŝĨŝĂďůĞ dampening or enhancement of 
ƚŚĞ ŝŶƚĞƌďĂŶĚ ʋ ƉůĂƐŵŽŶ ŽĨ ƐƵƐƉĞŶĚĞĚ ŐƌĂƉŚĞŶĞ ?A 16% decrease in ʋ ƉůĂƐŵŽŶ ƋƵĂůŝƚǇ
factor was measured for a single B atom dopant, while a 20% increase in ʋplasmon ƋƵĂůŝƚǇ
factor was measured for a single N atom dopant. The localisation of the dopant induced 
effect is estimated to ~1 nm, in both cases. &ŽƌĂŶĂůǇƐŝƐŽĨƚŚĞůŽƐƐƐƉĞĐƚƌƵŵʋƉůĂƐŵŽŶƉĞĂŬ 
of graphene, instrumental broadening was deemed negligible for an energy resolution of 
200 meV or better. Although trends are broadly reproduced by theory, the relative 
mismatch between experimental spectra and modelled ab initio spectra of the doped 
systems is attributed to practical computational limitations; larger supercell sizes (currently 
computationally impractical) are needed in simulations for an accurate comparison with 
experiments. Nonetheless, the present experimental data clearly demonstrate atomic scale 
modification of the plasmonic response of graphene, using an ŝŵƉůĂŶƚĂƚŝŽŶ ƚĞĐŚŶŝƋƵĞ
compatible with current semi-conductor industry. Such atomic scale plasmonic engineering 
might prove valuable for developing graphene based plasmonic and optoelectronic devices 
operating in the UV waveband. 
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METHODS 
Materials and Sample Preparation 
Boron and nitrogen ion implantation was carried out using the Göttingen mass-selected ion 
beam deposition system (25 eV implantation energy). Graphene films placed on TEM grids 
were irradiated at room temperature in vacuum (2 x 10-6 Pa). Further details of the 
procedure are given by Bangert et al.23 and references therein. A commercially available 
non-doped reference sample (Graphenea66) was investigated as a control experiment.  
Scanning Transmission Electron Microscopy  
ůů>ƐƉĞĐƚƌĂĂŶĚŝŵĂŐĞƐǁĞƌĞĂĐƋƵŝƌĞĚƵƐŝŶŐŽŶĞŽĨƚǁŽĚĞĚŝĐĂƚĞĚĂďĞƌƌĂƚŝŽŶĐŽƌƌĞĐƚĞĚ
^dDƐ P ĞŝƚŚĞƌ Ă EŝŽŶ hůƚƌĂ^dD ? ? ? ĞƋƵŝƉƉĞĚ ǁŝƚŚ Ă 'ĂƚĂŶ ŶĨŝŶĂ > ƐƉĞĐƚƌŽŵĞƚĞƌ Žƌ Ă
EŝŽŶ hůƚƌĂ^dD ? ? ?D ĞƋƵŝƉƉĞĚ ǁŝƚŚ Ă 'ĂƚĂŶ ŶĨŝŶŝƵŵ Z^ƐƉĞĐƚƌŽŵĞƚĞƌ ŽƉƚŝŵŝƐĞĚ ĨŽƌ
high energy resolution using ultra-stable electronics. The microscopes are referred to as 
either NUS100 or NUS100MC in the text. Both microscopes were operated at an 
acceleration voltage of 60 kV, which is below the knock-on damage threshold for graphene 
and is known to minimise any risk of electron-beam damage to the specimens, even after 
long, repeated exposure, and thus to provide ideal conditions for single atom 
spectroscopy.32 For the NUS100 measurements, the electron probe convergence semi-angle 
 ?ɲ Z ǁĂƐ  ? ? mrad and the spectrometer collection semi-ĂŶŐůĞ  ?ɴ Z ǁĂƐ  ? mrad, with an 
estimated probe size of 1.1  ? &Žƌ ƚŚĞ Eh^ ? ? ?D ɲ A ?  ? ? mrad, resulting in an estimated 
probe size of 1.0  ? ĂŶĚ ɴ A ?  ? ? ŵƌĂĚ  ?ǀĂůĞŶĐĞ ůŽƐƐ ƐƉĞĐƚƌĂ Z Žƌ ɴ A?  ? ? mrad (core loss 
ƐƉĞĐƚƌĂ Z ? dŚĞ ĞŶĞƌŐǇ ƌĞƐŽůƵƚŝŽŶ  ?ȴȵ Z ŝŶ >^ ŝƐ ĐŽŵŵŽŶůǇ ŐŝǀĞŶ ďǇ ƚŚĞ ĨƵůů-width at half-
ŵĂǆŝŵƵŵ ?&t,D ZŽĨƚŚĞƋƵĂƐŝ-ĞůĂƐƚŝĐ SĞƌŽ>ŽƐƐWĞĂŬ ? ?>W Z ?&ŽƌƚŚĞEh^ ? ? ?ȴȵŝƐŐŝǀĞŶďǇ
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the native cold field emission source energy spread, and provided it is not limited by the 
ƐƉĞĐƚƌŽŵĞƚĞƌĐĂŵĞƌĂďŝŶŶŝŶŐĂŶĚƉŽŝŶƚƐƉƌĞĂĚĨƵŶĐƚŝŽŶ ?ƌĞƐƵůƚƐŝŶĂŶĞĨĨĞĐƚŝǀĞƌĞƐŽůƵƚŝŽŶȴȵ
A?  ? ? ? ŵĞs ? tŚŝůĞ ƚŚĞ ƐŽƵƌĐĞ ŵŽŶŽĐŚƌŽŵĂƚŽƌ ŽĨ ƚŚĞ Eh^ ? ? ?DĂůůŽǁƐ ĨŽƌ ƌĞĚƵĐŝŶŐ ȴȵ
down to 13 meV while retaining atomic resolution (at an acceleration voltage of 60 kV)67, 68 
an energy resolution of 200 meV was found to be sufficient for making the contribution of 
instrumental broadening negligible ĨŽƌƚŚĞEh^ ? ? ?DʋƉĞĂŬůŽƐƐƐƉĞĐƚƌĂ ?ƐĞĞFigure S2 in 
the Supporting Information). &Žƌ ƚŚĞ ƉƌĞƐĞŶƚ ǁŽƌŬ ȴȵ A?  ? ? ? meV in Figures  ? ?  ? ? ȴȵ A ?
400 meV (N-K ŵĂƉ ZĂŶĚȴȵA? ? ? ? meV (B-K map) in Figure S1, ȴȵA? 400 meV, 200 meV and 
80 meV in Figure S2, ĂŶĚ ?ȴȵA? ? ? ? ŵĞs ?ĚŽƉĞĚ ZĂŶĚȴȵA? ? ? ?meV (N doped) in Figures 3, 
4.  
All HAADF and medium angle annular dark field (MAADF) images presented are raw data, 
for which only contrast, brightness and field of view have been adjusted. Image detector 
semi-angles are: NUS100: 89-195 mrad (HAADF) and 54-85 mrad (MAADF), and, NUS100MC: 
82-195 mrad (HAADF) and 59-82 mrad (MAADF). All ZLP subtraction was done using a power 
law fitted to the ZLP tail in the regions 1.80-2.05 eV for all the NUS100 valence loss spectra 
(Figure 3), 2.00-2.25 ĞsĨŽƌƚŚĞEh^ ? ? ?DȴȵA? ? ? ? meV valence loss spectra (Figures 1, 3), 
3.05-3.55 eV (B doped) and 3.6-4.1 eV (N doped) in Figure 4.  
The spectra in Figures 1c, S3c were fitted using two GaussŝĂŶƐ P ŽŶĞ ĨŝƚƚŝŶŐ ƚŚĞ ŵĂŝŶ ʋ
ƉůĂƐŵŽŶƉĞĂŬĂŶĚŽŶĞĨŝƚƚŝŶŐƚŚĞůŽǁĞŶĞƌŐǇƚĂŝůĂƚƚƌŝďƵƚĞĚƚŽʋ-ʋ ?ŝŶƚĞƌďĂŶĚƚƌĂŶƐŝƚŝŽŶƐ ?42 
Results from respective peak fits are shown in Tables 1 and S1. The issue of ZLP extraction 
error was minimised by means of comprehensively testing a multitude of methods,31, 69, 70 all 
providing similar results. As reported for multilayer graphene cones,70 subtracting the ZLP 
tail by a fitted power law background was in the present case deemed optimal, yielding the 
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best compromise between accuracy of subtraction and spectral noise. The uncertainties of 
the fitted peak values in Tables 1, S1 are primarily attributed to choice of fitting function and 
parameters. Precisely determining the errors associated with choice of fitting parameters is 
problematic; however estimated non-standard errors determined by measuring peak values 
from the extremes of acceptable fits are given in Tables 1 and S1. 
NUS100MC core loss spectra were de-noised using principal component analysis (PCA) as 
implemented in the MSA plug-iŶ ĨŽƌ 'ĂƚĂŶ ?Ɛ ŝŐŝƚĂů DŝĐƌŽŐƌĂƉŚ ƐŽĨƚǁĂƌĞ ƐƵŝƚĞ ?71 For the 
valence loss EELS data, PCA de-nosing was only carried out on the loss spectrum images 
from which extracted data is shown in Figure 4. Great care was taken to minimise possible 
artefacts induced by the de-nosing process; the raw, reconstructed and residual spectral 
image datasets were compared in detail. For Figures  ? ?  ? ? >^ ĚĂƚĂ ǁĂƐ ĂĐƋƵŝƌĞĚ ƵƐŝŶŐ
'ĂƚĂŶ ?Ɛ  SƵĂů>^ ?ĨĞĂƚƵƌĞ PƚǁŽƐƉĞĐƚƌĂǁĞƌĞĂĐƋƵŝƌĞĚŝŶƌĂƉŝĚƐƵĐĐĞƐƐŝŽŶ ĨŽƌĞĂĐŚďĞĂŵ
position (represented by the individual pixels in the maps in Figures 3 and 4c, f): in one 
spectrum the signal-to-noise ratio was optimised by shifting the ZLP off the camera and by 
ŝŶĐƌĞĂƐŝŶŐ ƚŚĞ ĂĐƋƵŝƐŝƚŝŽŶ ƚŝŵĞ ƐŽ ĂƐ ƚŽ ƌĞĂĐŚ ƚŚĞ ĐĂŵĞƌĂ ƐĂƚƵƌĂƚŝŽŶ ůŝŵŝƚ ? ǁŚŝůĞ ƚŚĞ
ĂĐĐŽŵƉĂŶǇŝŶŐ ƐƉĞĐƚƌƵŵ ŝŶĐůƵĚĞĚ ƚŚĞ ĨƵůů >W ƉĞĂŬ ĂŶĚ ǁĂƐ ĂĐƋƵŝƌĞĚ Ăƚ Ă ŵƵĐŚ ƐŚŽƌƚĞƌ
exposure time so that the camera was far from saturation, thus minimising afterglow 
effects. The EELS maps in Figure 3 were produced by simple integration over the energy loss 
regions of the raw data indicated in Figure 3. In order to map the local variatioŶƐŝŶƚŚĞʋ
peak response in Figure 4, the ZLP tail was subtracted by fitting of a power-law function 
(after de-ŶŽƐŝŶŐ ZĂŶĚƚŚĞʋƉĞĂŬƐŽĨƚŚĞƌĞƐƵůƚŝŶŐƐƉĞĐƚƌĂǁĞƌĞĨŝƚƚĞĚǁŝƚŚĂƐŝŶŐůĞ'ĂƵƐƐŝĂŶ
function throughout the datasets, using an automated procedure in Digital Micrograph. 
&ŝƚƚŝŶŐ ƚŚĞ ʋ ƉĞĂŬƐ ǁŝƚŚ ŵŽƌĞ ƚŚĂŶ ŽŶĞ 'ĂƵƐƐŝĂŶ ƌĞƐƵůƚĞĚ ŝŶ ůĞƐƐ ƌĞůŝĂďůĞ ĨŝƚƐ ? ǁŚŝĐŚ ŝƐ
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attributed to a relative increase in ZLP tail contribution as compared to the valence loss 
spectra in Figures 1, 2, S2 and S3. 
First-Principles Calculations 
The local density approximation (LDA)53 exchange-correlation functional was used to 
optimise the graphene unit cell with a kinetic energy cut-off of 380 eV, a Monkhorst-Pack72 
k-points grid of 36×36×1 with in-plane spacings of 0.013 Å-1 and a 20 Å vacuum. The lattice 
parameter was found to converge to 2.44 Å and then used to construct the hexagonal 
supercells. The lattice vectors of all such supercells were then fixed, and the structures fully 
relaxed using BFGS73-77 optimisation. The electron energy loss spectra of the relaxed 
structures were then found using the electronic structure code GPAW78 which substitutes 
the Kohn-Sham wave functions, energy eigenvalues and occupations into the Adler-Wiser27, 
28 formula to calculate the Fourier coefficients of the non-interacting density response 
function, ߯ റீ റீᇲ଴ (ݍറ ,߱), where ܩറ is a given reciprocal lattice vector, ݍറ is the scattering 
wavevector, ߱ ŝƐĨƌĞƋƵĞŶĐǇ ?ĂŶĚƚŚĞǌĞƌŽŝŶƐƵperscript signifies the non-interacting nature 
of the Kohn-Sham wavefunctions used to construct ߯. Within the RPA, the dielectric matrix 
is then obtained by writing ߝ as: 
ߝ´ܩ´ܩԢܴܲܣ(´ݍ,߱) = ߜ´ܩ´ܩԢ െ ൬ 4ߨ|´ݍ + ´ܩ|2൰ ߯´ܩ´ܩԢ0 (´ݍ,߱)                    
where 
4ߨ
|´ݍ+´ܩ|2 is the Coulomb potential, and ߯´ܩ´ܩԢ0 is the non-interacting density response 
function. The dielectric matrix is then inverted to produce the EEL spectrum, including local 
field effects (LFEs). A local EEL spectrum can be obtained by calculating the response of a 
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material to a fast travelling electron as described by Nerl et al.62 in their work probing the 
local nature of excitons and plasmons in few-layer MoS2. Further details of the method have 
been described by Yan et al.79 
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FIGURES AND TABLES 
 
Figure 1. MAADF images of (a) B and (b Z E ŝŵƉůĂŶƚĞĚ ŐƌĂƉŚĞŶĞ ĂĐƋƵŝƌĞĚ ƐŝŵƵůƚĂŶĞŽƵƐůǇ
with the EEL spectra comprising the integrated spectra in (c, d), showing the position of 
single substitutional B (a) and N (b) atoms (arrows). Each pixel in (a) and (b) corresponds to 
an individual spectrum. The hetero-atoms are identified by a characteristic decrease (B) or 
increase (N) in MAADF image intensity. (c, d) background-subtracted loss spectra of B and N 
doped graphene compared to those of the non-doped graphene patch shown in Figure 2. 
The B-implanted patch spectrum was averaged over the region indicated by the red box in 
(a), while the spectrum of the N-implanted patch was averaged over the region indicated by 
the blue box in (b). Both regions encompass approximately the same number of atoms. The 
non-doped graphene spectra were integrated over the regions 1 and 3, indicated in the 
MAADF image in Figure 2a.  
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Figure 2. (a) MAADF image of a non-doped single layer graphene patch. (b) background-
subtracted loss spectra integrated over regions 1-4 iŶĚŝĐĂƚĞĚŝŶ  ?Ă Z ?ŶŽƌŵĂůŝƐĞĚƚŽƚŚĞʋA?ʍ
peak height. (c) Loss spectra integrated over regions 1 and 4 indicated in (a), normalised to 
ƚŚĞʋƉĞĂŬŚĞŝŐŚƚ ? 
Table 1. ƐƚŝŵĂƚĞĚʋƉĞĂŬĞŶĞƌŐŝĞƐ and FWHMs, measured using the monochromated Nion 
UltraSTEM100MC  ?ȴȵA? ? ? ? eV). The non-doped peak values are measured from spectra 
integrated over regions 1 and 3 in Figure 2a.  
Dopant 
ʋƉĞĂŬ 
FWHM (eV) 
ʋƉĞĂŬ 
Eʋ(eV) 
ʋ-ʋ ? ?ƚĂŝů ? 
FWHM (eV)   
ʋ-ʋ ? ?ƚĂŝů ? 
Eʋ(eV) 
N 1.50±0.09 5.00±0.01 1.40±0.13 3.47±0.08 
None 1 1.75±0.09 5.07±0.01 1.33±0.07 3.40±.0.07 
None 3 1.80±0.10 5.04±0.01 1.20±0.06 3.40±.0.05 
B 2.17±0.09 5.08±0.01 1.23±0.04 3.29±.0.03 
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Figure 3. MAADF images and EELS maps integrated from the raw data over the energy 
regions indicated for (a) N doped (b) B doped graphene.   
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Figure 4. D& ŝŶƚĞŐƌĂƚĞĚ ŝŶƚĞŶƐŝƚǇ ůŝŶĞ ƉƌŽĨŝůĞƐ ĐŽŵƉĂƌĞĚ ƚŽ ƚŚĞ ůŽĐĂů ĐŚĂŶŐĞ ŝŶ ʋ
plasmon peak width (FWHM) for N (a) and B (d) doped graphene. Smoothed FWHM line 
ƉƌŽĨŝůĞƐ ĂƌĞ ƐƵƉĞƌŝŵƉŽƐĞĚ ĂƐ ŐƵŝĚĞƐ ƚŽ ƚŚĞ ĞǇĞ ? dŚĞĐŽƌƌĞƐƉŽŶĚŝŶŐ D& ŝŵĂŐĞƐ ĂŶĚ ʋ
plasmon peak FWHM maps are shown in b, c (N) and e, f (B), respectively. The regions from 
which tŚĞ ůŝŶĞ ƉƌŽĨŝůĞƐ ǁĞƌĞ ĞǆƚƌĂĐƚĞĚ ĂƌĞ ŝŶĚŝĐĂƚĞĚ ? dŚĞ ůŽĐĂůŝƐĂƚŝŽŶ ŽĨ ƚŚĞ ŽďƐĞƌǀĞĚ ʋ
plasmon enhancement (N) and dampening (B) is estimated to be ~1 nm, as indicated in a, c 
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and d, f, respectively. False colour intensity scales were used for the MAADF images in b, e 
in order to optimise legibility. Overview MAADF images of the region analysed in a-c and d-f 
are shown in (g) and (h), respectively. The white rectangles indicate the regions from which 
ƚŚĞ>^ŵĂƉƐǁĞƌĞĂĐƋƵŝƌĞĚ ? The contrast is enhanced in the leftmost panels of g and h to 
optimise the legibility of the individual dopant atoms.   
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Figure 5. Simulated low-loss EEL spectra comparing B-doped (red), N-doped (blue) and pure 
graphene (grey). The doped response was calculated in 3x3 supercells with a single dopant 
ĂƚŽŵ ? dŚĞ ĞůĞĐƚƌŽŶŝĐ ĚŽƉŝŶŐ ŚĂƐ ďĞĞŶ ĂĚũƵƐƚĞĚ ƚŽ ƚŚĞ ŝƌĂĐ ƉŽŝŶƚ  ?ĨŽƌ ƚŚĞ  ?E-doped 
systems) to reflect the low doping level in the experimental system. Full lines show the full ݍԦ-ƐƵŵŵĞĚ>ƐƉĞĐƚƌƵŵǁŚŝůĞƚŚĞĚĂƐŚĞĚ ůŝŶĞƐƐŚŽǁƚŚĞƋA?|ݍԦ| = 0 response, i.e. in the 
optical limit without local field effects. The shaded region shows the simulated EEL spectrum 
for un-doped graphene.  
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CORE LOSS EELS MAPS OF DOPANTS (NUS100MC) 
In following with Bangert et al.1 the B and N dopants shown in Figure 1a, b were mapped 
using the EELS B-K and N-K ionisation edges. The resulting maps are shown in Figure S1 and 
independently verify the presence of substitutional B and N atoms in the graphene lattice.  
 
Figure S1. MAADF images (left) and core loss EELS maps (right) identifying a single 
substitutional B or N heteroatom dopant in single layer sheets of graphene. The data were 
acquired using the NUS100MC microscope. 
ENERGY RESOLUTION AND INSTRUMENTAL BROADENING (NUS100MC) 
The NUS100MC microscope allows for varying the energy resolution from 400 meV to 
13 meV, while maintaining atomic image resolution.2, 3 Figure S2 shows the effect of 
increasing energy resolution from 400 meV to 80 meV on spectra acquired from a non-
doped graphene patch. Spectra normalised to the ZLP height are shown in Figure S2a, while 
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ƐƉĞĐƚƌĂ ŶŽƌŵĂůŝƐĞĚ ƚŽ ƚŚĞ ʋ ƉĞĂŬ ĂƌĞ ƐŚŽǁŶ ŝŶ Figure S2b. Upon increasing the energy 
resolution from 400 meV to 200 ŵĞs ? ƚŚĞƌĞ ŝƐĂƐŝŐŶŝĨŝĐĂŶƚ ƌĞĚƵĐƚŝŽŶ ŝŶʋƉĞĂŬǁŝĚƚŚĂŶĚ
ZLP tail contribution. Increasing the resolution from 200 meV to 80 meV results in a minor 
ƌĞĚƵĐƚŝŽŶŝŶƚŚĞ>WƚĂŝůĐŽŶƚƌŝďƵƚŝŽŶďƵƚŝŶŶŽƐŝŐŶŝĨŝĐĂŶƚĚĞĐƌĞĂƐĞŝŶʋƉĞĂŬǁŝĚƚŚ ?dŚƵƐŝƚŝƐ
ƐƵŐŐĞƐƚĞĚ ƚŚĂƚ ĨŽƌ ȴ A?200 ŵĞs ? ƚŚĞ ʋ ƉĞĂŬ ǁŝĚƚŚ ƌĞĨůĞĐƚƐ ƉƌŝŵĂƌŝůǇ ƚŚĞ ĂƐƐŽĐŝĂƚĞĚ
excitation lifetime,4 meaning the effect of instrumental broadening is deemed negligible. As 
increasing the energy resolution results in an accompanying reduction of available beam 
current (i.e. if keeping other microscope parameters unchanged),5 the NUS100MC spectra in 
Figures 1, 2 ǁĞƌĞĂĐƋƵŝƌĞĚĂƚȴA?200 meV in order to optimise the signal-to-noise ratio. 
 
Figure S2.  ?Ă ZĞƌŽůŽƐƐƉĞĂŬƐĂŶĚ ?ď ZůŽƐƐƐƉĞĐƚƌĂŶŽƌŵĂůŝƐĞĚƚŽƚŚĞʋƉĞĂŬŚĞŝŐŚƚŽĨĂŶŽŶ-
doped single layer graphene patch at three different energy resolutions (400 meV, 200 meV 
and 80 meV Z ? EŽ ĚĞĐƌĞĂƐĞ ŝŶ ʋ ƉĞĂŬ ǁŝĚƚŚ ĐĂŶ ďĞ ŽďƐĞƌǀĞĚ ŝŶ  ?ď Z ǁŚĞŶ ŝŶĐƌĞĂƐŝŶŐ ƚŚĞ
energy resolution from 200 meV to 80 meV. The data were acquired using the NUS100MC 
microscope.  
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VALENCE LOSS SPECTRA (NUS100)  
Figure S3c shows background subtracted normalised valence loss spectra, acquired using 
the NUS100 microscope, while Figure S3a (b) shows HAADF images and accompanying 
intensity line profiles confirming the presence of an individual B (N) dopant.1 As discussed 
ĂďŽǀĞ ? ŝŶƐƚƌƵŵĞŶƚĂůďƌŽĂĚĞŶŝŶŐ ŝƐĚĞĞŵĞĚŶĞŐůŝŐŝďůĞ ĨŽƌ ƚŚĞʋƉĞĂŬǁŝĚƚŚŵĞĂƐƵƌĞŵĞŶƚƐ
using the NUS100MC  ?ȴA?200 meV), so the measured differĞŶĐĞƐŝŶʋƉĞĂŬǁŝĚƚŚŝŶdĂďůĞ
1 correspond directly to dopant-induced changes in excitation lifetime. For the NUS100 
ŵŝĐƌŽƐĐŽƉĞŵĞĂƐƵƌĞŵĞŶƚƐ ?ŝŶƐƚƌƵŵĞŶƚĂůďƌŽĂĚĞŶŝŶŐĐŽŶƚƌŝďƵƚĞƐƚŽĂďƐŽůƵƚĞʋƉĞĂŬǁŝĚƚŚƐ
due to a comparatively poorer energy resolution  ?ȴ A?350 meV) ? ,ŽǁĞǀĞƌ ? ʋ ƉĞĂŬ ǁŝĚth 
changes induced by doping measured with the NUS100 microscope (see Table S1) are 
clearly in good qualitative agreement with those measured with the NUS100MC (see Table 
1). ƐǁĞŽďƐĞƌǀĞƚŚĞƐĂŵĞƚƌĞŶĚ ŝŶĚŽƉĂŶƚ ŝŶĚƵĐĞĚʋƉĞĂŬŵŽĚŝĨŝĐĂƚŝŽŶ ŝŶFigure 1c and 
Figure S3 on two different microscope systems (at different energy resolutions and 
spectrometer collection angles, see Methods) instrumental factors are highly unlikely to be 
the origin of this effect.  
Note that while the dopant-free NUS100MC spectra (Figures 1c, d, and 2 c, d) were acquired 
from a non-doped reference sample (see Methods), the corresponding NUS100 spectrum 
(Figure S3c) was acquired from a patch of the otherwise B-doped sample that was deemed 
devoid of dopants upon inspection of the relative HAADF image intensities of each carbon 
atom of the patch (shown in Figure S4). The good qualitative agreement between non-
doped NUS100MC (Figure 1c) and NUS100 (Figure S3Đ ZʋƉĞĂŬůŽƐƐƐƉĞĐƚƌĂ, with respect to 
the effect of doping, indicates that any possible contribution from any B dopants present 
beyond the confines of the dopant free single layer patch in Figure S4 is negligible for the 
5 
 
non-doped spectrum in Figure S3c. This agrees well with the ~1 nm localisation estimate in 
Figure 4.   
 
Figure S3. HAADF images of (a) B and (c) N implanted graphene acquired simultaneously 
with the EEL spectra in (c), showing the position of single substitutional B (a) and N (b) 
atoms (arrows). The hetero-atoms are identified by a characteristic dip (B) or increase (N) in 
the HAADF intensity profiles integrated over the area indicated by the dashed rectangles 
superimposed on the images. (c) background-subtracted loss spectra of B and N doped 
graphene compared to that of a non-doped graphene patch. The B-implanted spectrum was 
averaged over the region indicated by the rectangular box in (a), while the N-implanted 
spectrum was averaged over the entire region shown in (b), both regions encompass 
approximately the same number of atoms. All data were acquired using the NUS100 
microscope. 
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Figure S4. HAADF image of the patch from which the dopant-free graphene spectrum in 
Figure S3c was acquired. The larger white square shows the superimposed HAADF image 
acquired simultaneously with the full valence EEL spectrum image. The smaller white square 
indicates the region over which the dopant-free graphene spectrum in Figure S3c was 
integrated. Data were acquired using the NUS100 microscope.  
Table S1 ƐƚŝŵĂƚĞĚʋƉĞĂŬĞŶĞƌŐŝĞƐĂŶĚ&t,DƐ ?ŵĞĂƐƵƌĞĚƵƐŝŶŐƚŚĞEh^ ? ? ? ?ȴȵA?
350 meV).  
Dopant 
ʋƉĞĂŬ 
FWHM (eV) 
ʋƉĞĂŬ 
Eʋ(eV) 
ʋ-ʋ ? ?ƚĂŝů ? 
FWHM (eV)   
ʋ-ʋ ? ?ƚĂŝů ? 
Eʋ(eV) 
N 1.96±0.03 5.22±0.01 1.54±0.03 3.44±0.03 
None  2.21±0.04 5.30±0.03 1.54±0.02 3.38±.0.05 
B 2.92±0.06 5.33±0.02 1.12±0.1 3.24±.0.03 
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ADDITIONAL AB INITIO EELS CALCULATIONS 
Extensive preliminary calculations of the valence response of B- and N-doped graphene 
were carried out with a number of supercells. As with the calculations in the main text, 
these were carried out within density functional theory (DFT) and invoke invoke corrections 
for Local Field Effects (LFEs) to the Random Phase Approximation (RPA) loss function, on 
supercells of sizes 2x2 and 3x3, with hexagonal and honeycomb superlattices of B and N 
dopants up to +15 eV above the Fermi energy. Calculations on 4x4 supercells were 
attempted but failed due to excessive memory requirements. Monkhorst-Pack k point grids 
of 18x18x1 and 12x12x1 were used for the 2x2 and 3x3 reciprocal cells, chosen 
systematically to allow for the exact same ݍറ vectors to be compared across the cells of 
different size. Unlike the final spectra presented in the main manuscript, these did not 
include a correction for the modified carrier concentration induced in the ground state by 
the presence of the dopant. This more simple approach led to the appearance at low energy 
(approximately 1 eV) of a sharp peak in the doped graphene spectra, which is most intense 
at q A? 0. As discussed in the main text, the sharp nature of these features, and the fact that 
they are not affected by the inclusion of higher momentum transfers in the calculation, 
ƐƵŐŐĞƐƚƚŚĞƐĞĐĂŶůŝŬĞůǇďĞĂƚƚƌŝďƵƚĞĚƚŽƐŝŶŐůĞʋAPʋ ?ƚƌĂŶƐŝƚŝŽŶƐŝŶǀŽůǀŝŶŐƐƚĂƚĞƐĐƌĞĂƚĞĚĂƐ
an artefact due to the finite supercell size for the doped systems.  
This series of initial calculations is reproduced below in Figure S5 for completeness and to 
provide a benchmark for further improvement of DFT-based calculations of doped graphene 
systems.  
8 
 
 
Figure S5. Series of calculations (a-h) of the valence response of pure graphene (grey lines), 
N-doped graphene (blue lines) and B-doped graphene (orange lines), carried out at different 
momentum transfer q as indicated on the individual panels. The various supercell 
geometries used for the calculations are also summarised in the models (i-k). 
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